The effect of increased Glut4 protein expression in muscle and fat on the whole body glucose metabolism has been evaluated by the euglycemic hyperinsulinemic clamp technique in conscious mice. Fed and fasting plasma glucose concentrations were 172+7 and 78+7 mg/dl, respectively, in transgenic mice, and were significantly lower than that of nontransgenic littermates (208+5 mg/dl in fed; 102±5 mg/dl in fasting state). Plasma lactate concentrations were higher in transgenic mice, (6.5±0.7 mM in the fed and 5.8+1.0 mM in fasting state) compared with that of nontransgenic littermates (4.7+0.3 mM in the fed and 4.2+0.5 mM in fasting state). In the fed state, the rate of whole body glucose disposal was 70% higher in transgenic mice in the basal state, 81 and 54% higher during submaximal and maximal insulin stimulation. In the fasting state, insulinstimulated whole body glucose disposal was also higher in the transgenic mice. Hepatic glucose production after an overnight fast was 24.8+0.7 mg/kg per min in transgenic mice, and 25.4+2.7 mg/kg per min in nontransgenic mice. Our data demonstrate that overexpression of Glut4 protein in muscle increases basal as well as insulin-stimulated whole body glucose disposal. These results suggest that skeletal muscle glucose transport is rate-limiting for whole body glucose disposal and that the Glut4 protein is a potential target for pharmacological or genetic manipulation for treatment of patients with non-insulin-dependent diabetes mellitus. (J. Clin. Invest. 1995. 95:429-432.)
Introduction
Insulin resistance is a common feature of non-insulin-dependent diabetes mellitus (NIDDM).' Although impaired muscle glucose transport in diabetic patients has been implicated as one of the causes for insulin resistance (1) (2) (3) , muscle hexokinase and glycogen synthase may also be defective in diabetic patients, both of which could cause insulin resistance (1, 4, 5) . Muscle cells express two glucose transporter isoforms, Glutl and Glut4 (6) (7) (8) . Glutl resides constitutively in the plasma membrane and is believed to be responsible for basal glucose transport in muscle, although Glut4 may also contribute (7) . In striated muscle, the major glucose transporter is the Glut4 isoform (9) , which undergoes translocation to the plasma membrane in response to insulin (10, 11) . In type II diabetes, the muscle Glut4 protein level is not decreased compared with that of nondiabetic subjects ( 12) , but insulin-stimulated glucose utilization is markedly reduced (1, 3) . Whether the translocation process of Glut4 to the plasma membrane in NIDDM patients is impaired remains to be determined. There is evidence that an increased total muscle Glut4 content induced by exercise is associated with the increase in insulin-stimulated translocation of Glut4 in rat skeletal muscle (13) .
In a previous study, we demonstrated that basal muscle glycogen deposition and glycolysis were markedly increased in transgenic mice overexpressing Glutl protein in skeletal muscle (14) . Insulin at a supermaximal concentration was ineffective in stimulating muscle glucose transport (15) , muscle glycogen synthase and glycogen deposition in isolated muscle strips of transgenic mice (Ren, J. M., unpublished results). Recently, Marshall & Mueckler reported that overexpression of Glut4, but not Glutl increased insulin responsiveness as measured by the glucose infusion rate in anesthetized mice after an overnight fast (16) . The basal glucose disposal, insulin sensitivity, and hepatic glucose production were not determined in that study. The present study was undertaken to investigate the effect of muscle and fat Glut4 protein overexpression on basal and insulin-stimulated whole body glucose disposal in vivo using the euglycemic hyperinsulinemic clamp in combination with tracer technique in conscious mice. A line of transgenic mice expressing high levels of the human Glut4 protein was generated (17) . Plasma glucose concentrations are markedly reduced in transgenic mice in both the fed and fasting states when compared with those of nontransgenic littermates. Our data show that in the fed state, the basal rate of glucose disposal is increased in transgenic mice, while insulin-stimulated glucose disposal was also higher in transgenic mice in both the fed and fasting states.
Methods
Animals. The construction of transgenic mice carrying the human Glut4 glucose transporter genomic DNA (hGLUT4-11.5) has been described previously (18) . All animals used for experiments were males and the littermates were obtained from the breeding of a single line of Glut4 heterozygous overexpressing mice (hGLUT4-ll.5B) (18) with nontransgenic C57BL/6xSJL F2 mice. Animals were housed in a room maintained at 23°C with a fixed 12-h light/dark cycle and given free access to chow (Ralston Purina Co., St. Louis, MO) and water ad lib. 3 d before the in vivo experiments, mice were anesthetized with an intraperitoneal injection of ketamine and xylazine (25 mg/100 g of body wt) and a catheter was inserted in the left jugular vein. The venous catheter was advanced to the level of the right atrium.
Euglycemic clamp study. All experiments were performed in awake mice using a two-step euglycemic clamp technique as described in rats (19) and adapted for mice. Animals were either fed ad lib. or fasted for 18 h before the experiment. [3-3H] glucose (New England Nuclear, Boston, MA) was infused throughout the clamp experiment to determine the glucose turnover rate. A priming dose of 2.5 liCi in 100 i1 of saline (0.9%) was infused followed by continuous infusion at a rate of 0.08 1tCi/min (3 jI/min) for 5 h. For the basal glucose turnover rate measurements, blood samples were collected at 70, 80, and 90 min after the initiation of [3-3H] glucose infusion. Rat insulin was infused at a constant rate of 2.5 mU/kg per min for 90 min, while 25% dextrose was infused by a variable infusion pump (Harvard Apparatus Inc., South Natick, MA). Blood samples (25 til) were collected from the tail-tip at 10-min intervals for determination of plasma glucose. Plasma glucose concentration was maintained at 160 mg/dl during the insulin infusion.
Blood samples (20 ul) were also obtained during the last 30 min of insulin infusion for [3-3H] glucose specific activity measurements, during which the blood glucose concentration was in a steady state. Thereafter, insulin infusion rate was increased to 20 mU/kg per min for 90 min. The total volume of blood withdrawn was 0.5 ml per mouse. To prevent anemia, a 1-ml heparinized saline ( 10 U/ml) solution containing 0.5 ml fresh blood (obtained by heart puncture from a donor mouse) was infused together with insulin. Parallel experiments using the same animals were performed under identical conditions to obtain enough blood for plasma insulin measurement before and during each step of the clamp. Table I ). The fasting plasma insulin concentration was also lower in transgenic mice (Table II) . Plasma lactate and P-OH-butyrate concentrations were increased while glucagon levels were unchanged in the transgenic mice (Table I) .
Whole body glucose disposal in fed and fasted mice. In the fed state, the basal glucose disposal rate was 70% higher in the transgenic than in the nontransgenic mice (Fig. 1) . Insulin at the infusion rate of 2.5 mU/kg per min did not stimulate the rate of whole body glucose disposal in either transgenic or 5-7-wk-old mice were fed ad lib. or were fasted for 18 h before being bled via the retro-orbital sinus using a heparinized capillary tube. Plasma metabolite and hormone levels were then measured as described in Methods. Values represent the mean±standard error for three to seven animals per group. Significant differences are indicated as * P < 0.05 for comparison between control and transgenic mice; t P < 0.05 for comparison between fed and fasted mice.
nontransgenic mice (Fig. 1) . At the high infusion rate (20 mU/ kg per min), the rate of whole body glucose disposal increased twofold reaching 148.5±10.1 mg/kg per min in transgenic mice, which was 54% higher (P < 0.05) than that in the control mice (96.2±13.3 mg/kg per min) (Fig. 1 ). In the fasting state, the basal glucose disposal rate was not different between control and transgenic mice (Fig. 1) . When insulin was infused at the rate of 2.5 mU/kg per min, the rate of whole body glucose disposal increased 100% in transgenic and 61% in the control mice, respectively (Fig. 1) . A further increase in whole body glucose disposal was noted at insulin infusion rate of 20 mU/ kg per min, reaching 82.5±3.7 mg/kg per min in the transgenic and 52.4±1.8 mg/kg per min in the control mice. Splanchnic glucose production in fed and overnight fasted mice. In the fed state, the rate of glucose appearance was 80% higher in transgenic than nontransgenic mice (Fig. 2) . Insulin, at the infusion rate of 2.5 mU/kg per min, suppressed endogenous glucose production 42% in control and 71% in transgenic mice. At an infusion rate of 20 mU/kg per min, the rate of glucose production decreased to nondetectable levels in the control mice and to 12% of the initial rate in the transgenic mice (Fig. 2) . In the fasting state, the rate of glucose appearance was not different between transgenic and control mice in the basal state (Fig. 2) . Insulin at the infusion rate of 2.5 and 20 mU/kg per min suppressed liver glucose production completely in both transgenic and control mice (Fig. 2) .
Glucose infusion rates during the euglycemic hyperinsulinemic clamps. In the fed state, a submaximal dose of insulin (105 tzU/ml) resulted in a threefold higher glucose infusion rate in the transgenic mice than the nontransgenic littermates (Table II) when plasma glucose concentration was kept constant. At the maximal insulin concentration, glucose infusion rate increased and was 36% higher in the transgenic mice than in the control mice (Table U) . In the fasting state, glucose infusion rate was not different between the transgenic and control mice at the submaximal insulin concentration. At the maximal insulin concentration, the glucose infusion rate was 52% higher in the transgenic mice than the control mice, which was essentially identical to the rate of glucose disappearance in both the transgenic and nontransgenic mice (Table II) . Discussion An important finding of the present study is that the basal glucose disposal rate in the fed state was 70% higher in the Glut4 (21), suggesting that the Glut4 transporter numbers are increased in the plasma membrane of the transgenic mice. Since glucose transport has been shown to be rate-limiting for glycogen deposition and glycolysis in Glutl transgenic mice (14) , the cellular mechanism responsible for the increased whole body glucose utilization in Glut4 transgenic mice is likely to be due to the increase in glucose transport activity in muscle. These results indicate that the basal activities (1, 3) . In addition to the increase in the basal rate of glucose disposal, Glut4 transgenic mice also show an improvement of insulin-stimulated glucose disposal. This is in contrast to the Glutl transgenic mice, in which skeletal muscle is unresponsive to insulin's action on glucose transport, glycogen deposition and glycogen synthase (14, 16) .
Whole body glucose homeostasis is maintained by the balance between hepatic glucose production and peripheral glucose utilization. When peripheral glucose utilization increases, blood ii a s glucose concentration will decrease unless the liver can produce more glucose through increased glycogenolysis and/or gluconeogenesis. An increase in the availability of liver gluconeogenic precursors, such as lactate, has been shown to increase liver glucose production (22) . In our studies, the rate of glucose appearance was 70% higher in the transgenic mice than in the control animals in the fed state. This finding suggests that the increase in muscle glucose transport from the Glut4 transgenic mice increases muscle glycolysis. As a result, plasma lactate concentration increases, which results in an increase in liver glucose production. Alternatively, part of the difference in the rate of glucose appearance between transgenic and nontransgenic mice may reflect a higher glucose absorption from gut and intestine of the transgenic mice. However, insulin suppressed the rate of hepatic glucose production in transgenic mice to the same rate of nontransgenic mice during low insulin infusion. These data suggest that the increased gastrointestinal glucose absorption in transgenic mice can account for only a small proportion of the high rate of glucose appearance, since insulin inhibits hepatic glucose production, but not gastrointestinal glucose absorption. We, therefore, hypothesize that the marked increase of the basal glucose production of transgenic mice in the fed state is due, at least in part, to the increase in muscle glucose transport activity.
In the fasting state, the liver is the main source of glucose production. As liver glycogen becomes depleted, the plasma glucose concentration decreases and the plasma free fatty acid level rises. These changes will cause a reduction in muscle glucose utilization (23) . During fasting, the rate of hepatic glucose production in transgenic mice did not differ from that of control mice, although transgenic mice have higher Glut4 protein expression. This indicates that in the fasting state, the basal glucose utilization in muscle is not different in transgenic and control mice. The reasons that the glucose disposal rate was not higher in the transgenic mice even though there was more Glut4 protein in the muscle may be twofold: (a) plasma insulin and glucose concentrations were significantly lower in transgenic mice resulting in a lower glucose influx into muscle cells; (b) plasma free fatty acid and triglyceride levels were higher, causing inhibition of glucose utilization in muscle as shown previously (23) .
In summary, we examined rates of whole body glucose metabolism in conscious transgenic mice overexpressing Glut4 transporter protein using the euglycemic hyperinsulinemic clamp technique. We found that by increasing Glut4 protein content in skeletal muscle, both basal and insulin-stimulated whole body glucose disposal was increased. We concluded that: (a) basal activities of muscle hexokinase and glycogen synthase are sufficiently high to keep up with the increased flux generated by increased glucose transport activity and (b) in contrast to mice who have overexpressed Glutl protein in muscle, increased expression of Glut4 results in increased insulin responsiveness of muscle tissue. This suggests that Glut4 protein is a potential target for therapeutic manipulation for treatment of patients with NIDDM.
